Abstract-Epiretinal prostheses are being developed to bypass a degenerated photoreceptor layer and excite surviving ganglion and inner retinal cells. We used custom microfabricated multielectrode arrays with 200-µm-diameter stimulating electrodes and 10-µm-diameter recording electrodes to stimulate and record neural responses in isolated tiger salamander retina. Pharmacological agents were used to isolate direct excitation of ganglion cells from excitation of other inner retinal cells. Strength-duration data suggest that, if amplitude will be used for the coding of brightness or gray level in retinal prostheses, shorter pulses (200 µs) will allow for a smaller region in the area of the electrode to be excited over a larger dynamic range compared with longer pulses (1 ms). Both electrophysiological results and electrostatic finite-element modeling show that electrode-electrode interactions can lead to increased thresholds for sites half way between simultaneously stimulated electrodes (29.4 ± 6.6 nC) compared with monopolar stimulation (13.3 ± 1.7 nC, p < 0.02). Presynaptic stimulation of the same ganglion cell with both 200-and 10-µm-diameter electrodes yielded threshold charge densities of 12 ± 6 and 7.66 ± 1.30 nC/cm 2 , respectively, while the required charge was 12.5 ± 6.2 and 19 ± 3.3 nC.
I. INTRODUCTION

B
ASED on the 2000 U.S. census, it is estimated that agerelated macular degeneration (AMD) affects 1.75 million people over 40, and that by the year 2020, this population will grow to 3 million people [1] , [2] . Retinitis pigmentosa (RP) is a genetic neurodegenerative disease that affects 1/4000 people worldwide [3] . Taken together, these diseases are the leading causes of retinal blindness. While there is significant degeneration of the outer retina and anatomical remodeling of the remnant inner retina [4] , postmortem anatomical studies of patients with RP [5] , [6] and AMD [7] have found that some inner A. K. Ahuja was with the Department of Electrical Engineering, University of Southern California, Los Angeles, CA 90089-2654 USA. He is now with Second Sight Medical Products, Sylmar, CA 91342 USA (e-mail: aahuja@ 2-sight.com).
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M. S. This has led many research groups to investigate extracellular electrical stimulation as a means of restoring visual function to patients by implanting an epiretinal [8] or subretinal [9] - [11] microelectrode array. Early chronic implants have allowed subjects to detect motion and changes in ambient light, and discern simple shapes [12] , [13] . Current active implants stimulate groups of cells nonspecifically because of electrode size (50-500 µm diameter) [14] . Although it may be advantageous to address ganglion cells individually with smaller electrodes due to the specific function of various ganglion cell classes that tile the retina and to afford a higher resolution implant, small electrodes may not be realizable in devices that might be available in the near future due to technical limits such as charge density safety limits (i.e., O 2 and H 2 evolution, metal dissolution, and local pH shifts) and tissue heating considerations [15] , [16] , as well as challenges associated with the routing of many leads per unit area [17] . Thus, the next generation of retinal prostheses will operate by stimulating groups of cells with large electrodes. Investigating the physiological basis of electrically stimulated retina using microfabricated multielectrode arrays (MEAs) with large stimulating discs may allow us to understand the origin of elicited percepts and improve the level of vision achievable by optimizing stimulus parameters.
The electrophysiological response of the retina to electrical stimulation has been studied extensively using an isolated vertebrate retina model. Many investigations employed single metal wire or conical shaped electrodes for extracellular stimulation and recording [18] - [23] . Others used these electrodes for stimulation but recorded excitatory and inhibitory current into ganglion cells using a whole cell patch clamp technique [24] , [25] . Multielectrode array stimulating and recording that most accurately mimics the electrode-tissue interface in a retinal prosthesis has also been investigated using stimulating electrodes that varied in diameter over a large range (6-1500 µm) [26] - [30] . These studies primarily investigated charge density thresholds for various sized electrodes, and the relative threshold for somatic excitation compared with axonal stimulation.
This study used custom microfabricated MEAs that facilitated several novel experiments that closely approximate epiretinal prosthesis operation. The MEAs were designed with stimulating electrodes mimicking the size and spacing of implantable devices that might be available in the near future (200 µm diameter, 500 µm center-to-center spacing), and recording electrodes capable of recording single-unit responses from a ganglion cell. MEAs with a similar recording electrode pitch have been used to record from a good fraction of ganglion cells in tiger salamander the animal model used here [31] . This custom array allowed us to study the spatial spread of ganglion cell activation and its dependence on pulse duration and amplitude. Because the spacing of stimulating and recording electrodes was precisely controlled during MEA fabrication, we could record the retinal ganglion cell (RGC) response between adjacent, simultaneously activated electrodes. The conductive media electrostatics module within FEMLAB finite-element modeling software (COM-SOL, Los Angeles, CA) was used to further investigate the electrode-electrode interaction. Pharmacological agents were used to study the frequency dependence of direct stimulation of ganglion cells and stimulation of presynaptic cells (e.g., bipolar and amacrine cells). Stimulation with both large and small electrodes was done to assess how threshold charge depends on electrode size.
II. METHODS
A. Tissue Preparation
All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Southern California. Data were collected from 22 larval tiger salamander retinas (Ambystoma tigrinum) using established methods [32] . Tiger salamanders were kept at 5
• C in a 12 h light/dark cycle. Salamanders were rapidly decapitated and pithed in dim room light. Eyes were enucleated and eyecups were placed in bicarbonate solution (in millimeters): 110 NaCl, 2 KCl, 30 NaHCO 3 , 1.5 CaCl 2 , 1.6 MgCl 2 , 10 glucose, 0.01 ethylenediaminetetraacetic acid (EDTA) that is bubbled with 5% CO 2 /95% O 2 . One millimeter square pieces of retina were cut and placed on a custom made plunger (used to keep the retina in place on the array) outfitted with a microporous dialysis membrane (used to allow the exchange of nutrients between the tissue and the perfusate) (spectrum molecularporous membrane (molecular weight cutoff 12 000-14 000), Spectrum Laboratories, Inc., California). The plunger was then inserted into a cylindrical mount, which was attached to the MEA with an adhesive silicone elastomer; the RGC side of the tissue was gently pressed onto the array while being observed through an inverted microscope. The retina was perfused at 3-5 ml/min with oxygenated bicarbonate solution.
B. Custom Multielectrode Arrays
Custom multielectrode arrays were designed with four 200-µm-diameter stimulating electrodes (500 µm center-to-center spacing), and fifty-six, 10-µm-diameter recording electrodes arranged with radial symmetry with respect to the stimulating electrode edge (i.e., at distances of 50, 100, and 150 µm from the stimulating electrode edge). The average center-tocenter spacing of recording electrodes was approximately equal to the spacing employed in arrays used to sample every ganglion cell in a given retinal patch in the tiger salamander [33] . Photomasks were laid out using Tanner L-Edit CAD software (Tanner Research, Pasadena, CA).
MEAs were fabricated at the Keck Center for Photonics at the University of Southern California. Details of the two photomask photolithographic process flow for fabrication of MEAs with Pt leads and silicon nitride/SU-8 insulation are described elsewhere [34] , [35] . To minimize electrochemical impedance and maximize area, 200-µm-diameter stimulating electrodes were electroplated using an ammonium hexachloroplatinate bath [17 mM (NH 4 ) 2 PtCl 6 + 250 mM Na 2 HPO 4 ], a Princeton 2263 potentiostat, and a custom three-electrode electrochemical cell [36] . The cell allowed for proximal placement of an Ag/AgCl reference electrode and large Pt wire mesh counter electrode next to the working electrode to be plated. Deposition was done using cyclic voltammetry (U = -0.8 to 0.6 V vs. Ag/AgCl, scan rate 200 mV/s for 180 cycles). Cyclic voltammetry allowed for a resetting of the diffusion layer in each scan so that a ''mushroom" -shaped electrode profile was avoided, which is sometimes observed in static potential electroplating [37] . Here, the resulting film was geometrically well confined to the area defined by the photolithographic process flow, as shown in Fig. 1 . Tenmicrometer-diameter stimulating electrodes consisted of thinfilm e-beam evaporated Pt. These electrodes were not electroplated with ammonium hexachloroplatinate since they were also used as recording electrodes, and such low impedance electrodes typically recorded field potentials and not single unit activity.
C. Electrical Stimulation and Recording
Biphasic cathodic-first current pulses were generated using a stimulus generator (STG 2001, Multichannel Systems, Reutlingen, Germany). Up to two electrodes could be selected as stimulating electrodes and the stimuli programmed independently for each electrode. Any of the 60 MEA electrodes, either large or small, could be selected for stimulation. A platinum wire placed in the perfusate solution in the MEA chamber served as the ground electrode for all stimulus protocols. RGC responses were amplified by 1100 using an MEA 1060 preamplification board (Multichannel Systems, Reutlingen, Germany). Definition of stimulus pulse parameters and data collection was done using software from MultiChannel Systems (MC Stimulus 2.0.6.0, MC Rack 3.4.0). Data were sampled at 20 kHz; action potentials were recorded with a 300-3000 Hz bandpass filter. Symmetric biphasic cathodic-first stimulus pulses varied in amplitude from 1 to 500 µA, and time per phase varied from 20 µs to 1 ms. An oscilloscope was used to monitor current output of the stimulating electrode to ensure that the specified pulse was delivered and not cutoff due to stimulus amplifier compliance voltage limits. Recorded spikes had a similar waveform shape and duration as those reported by others recording from ganglion cell somas in tiger salamander [31] .
D. Experimental Protocol
After the retina was placed RGC side down on the array, a 40 ms full-field light flash (4 × 10 3 cd/m 2 ) was given to determine which electrodes were well coupled to cells. This information also assured that adjacent electrodes were recording from different cells. Only electrodes showing an SNR >5:1 were studied to facilitate data processing. All electrical stimulation protocols used trains of 50 biphasic pulses. A stimulus value was deemed above threshold if it elicited a response over 75% of the time (i.e., ≥38 spikes elicited in a 50 pulse train). With the exception of stimulus frequency studies, the pulse repetition rate was 2.5 Hz. With the exception of strength duration studies, all pulses were 400 µs per phase, cathodic-first biphasic pulses with no interphase delay.
E. Pharmacological Agents and Artifact Subtraction
Pharmacological agents were used for the purposes of isolating the source of the neural response (i.e., presynatically driven responses vs. direct excitation of RGCs) by mixing with the perfusate. A cocktail of 6-cyano-7-nitroquinoxaline [CNQX; competitive α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)/kainite receptor antagonist, 75 µM], 2-amino-5-phosphonovaleric acid [APV; competitive N-methyl D-aspartate (NMDA) receptor antagonist, 400 µM], and cis-2,3-piperidine dicarboxylic acid [PDA; agonist to NMDA receptor (NMDAR), 1 mM] were used in nine experiments to block NMDA and non-NMDA-mediated glutamatergic synaptic input to RGCs [26] , [27] . In five separate experiments, CdCl 2 (Ca + channel blocker, 1 mM) was also used to abolish synaptic transmission. Both methods abolished light responses entirely. These manipulations allowed for the direct stimulation of ganglion cells to be separated from longer latency stimulation of presynaptic cells. Because direct stimulation has a latency <7 ms, responses of this type were contaminated by the stimulus artifact. A method of artifact subtraction has been described by others and is used here (Fig. 2) [25] , [27] . An artifact for a pulse that does not evoke a response can be subtracted from an artifact with a superimposed response to reveal the elicited spike. Tetrodotoxin (TTX, Na + channel blocker) was also employed for the purposes of artifact subtraction as described in Fig. 2 . ON and OFF light response of a cell to a 40 ms full-field shutter flash before (control) and after CdCl 2 application (top). Proof-of-concept of artifact subtraction method to reveal tonic ganglion cell response corrupted by stimulus artifact (middle). Direct ganglion cell excitation is confirmed by noting persistence of recorded spikes before (control) and after CdCl 2 application. Schematics of the light and electrical stimuli are shown to give a time reference (raw is before subtraction and control is after subtraction) (bottom). the referenced works. Another method used for detecting a spike hidden in the stimulus artifact was used in the case where neighboring electrodes were equidistant from the stimulation site, and the resulting recorded artifact amplitude was therefore similar. In such a case, a spike could be visualized as a difference in the two artifact waveforms (Fig. 7) .
F. Finite-Element Modeling of Electrode-Electrode Interaction
Finite-element model (FEM) simulations were designed with FEMLAB software (Comsol Inc., Los Angeles, CA). The simulations utilized the conductive media electrostatics module within FEMLAB. Tetrahedral elements were used to define the model meshes. Microelectrodes were modeled as 200-µm-diameter circular discs (500 µm center-to-center spacing), flush with the surrounding dielectric of the array substrate, and centered beneath the base of a larger hemispherical volume of saline medium. The radius of the medium surrounding the electrode was large enough to approximate an infinite volume. The hemispherical surface defining the upper boundary served as the ground electrode (zero-potential boundary). Microelectrode conductivity was 5 × 10 7 S/m (an isopotential surface) and hemispherical medium conductivity was 1.54 S/m [38] . This model represents two adjacent flat microelectrode discs immersed in saline solution. A fixed current of 30 µA was injected into the lower boundary surface of the microelectrodes.
G. Data Analysis
The RGC response data were converted to Amsterdam Subversive Center for Information Interchange (ASCII) format using MC_DataTool V 2.1, and poststimulus time histograms (PSTHs) were generated using custom written MATLAB code. The code performed artifact subtraction and detected spikes with a simple threshold test. All variance measurements (i.e., ±) represent standard deviations. Standard deviations, best fit curves, and Student's t-tests were calculated using EXCEL and Igor Pro V 5.03 software. All plots were also generated using Igor Pro. 
III. RESULTS
A. Response Latency
Spikes were elicited by both the direct excitation of ganglion cells and the excitation of inner and outer retinal cells and their subsequent synaptic excitation of ganglion cells. The former had latencies of 0.5-7 ms with respect to the onset of the stimulus pulse while the later had latencies of 3-400 ms. The source of excitation was ascertained using both the CNQX/APV/PDA cocktail and CdCl 2 (described in Section II). Both of these methods have been employed by others to determine the mechanism of spike generation [24] , [25] , [27] , [39] . Engaging inner retinal cells sometimes resulted in reverberating activity that could last up to 400 ms (Fig. 3) .
B. Excitation Radius Versus Stimulus Amplitude
Presynaptic excitation of ganglion cells further from the stimulating site had a higher threshold for stimulation compared with presynaptic excitation of cells closer to the stimulating electrode when using 400 µs per phase pulses. Cells 50 µm from the electrode edge had a threshold current of 27.75 ± 8.66 µA compared with cells 433 µm away that had a threshold of 68 ± 23.09 µA (p < 0.01; n = 42 cells, and R 2 = 0.58; Fig. 4 ). Cell location was taken as the center of the recording electrode used.
Strength duration data for cells 100, 150, and 235 µm away from the stimulating electrode edge (n = 9 total cells) were collected for 60, 100, 200, 400, 600, 800, and 1000 µs biphasic pulses (one cell was able to be excited with a 20 µs pulse; in other instances, the minimum pulse duration was set by the maximum amplitude that could be achieved without saturating the preamplifiers) (Fig. 5) .
Two parameters of interest for strength duration curves are the rheobase and the chronaxie [40] . The rheobase is the minimum current required to stimulate a cell regardless of duration. The . Best-fit curves of mean data at each distance are plotted using the corresponding bold trace pattern of the data taken from individual cells. The greater current amplitude spacing between average chronaxie curves at 200 µs versus 1 ms suggests method of using short pulses to best code for brightness while not increasing exciation area. (Inset) Chronaxie and rheobase values, plotted on time (in microseconds) and current amplitude (in microamperes) versus distance from stimulating electrode edge (in micrometers) axes, respectively. Log-log plot of strength-duration data. All responses were blocked by both the APV/CNQX/PDA cocktail and CdCl 2 in concentrations described in Section II (bottom). chronaxie is the pulse duration for which the threshold current is twice the rheobase current. Power curve fitting (y = y o + Ax p ) was done in Igor Pro software to determine chronaxie and rheobase values, where the rheobase was defined by the y-axis offset (y o ) of the curve fit. Average rheobase values were 6.5 ± 0.7, 27.8 ± 16.0, and 46.2 ± 53.5 µA, and average chronaxie values ( p y o /A) were 179 ± 7.1, 481 ± 95.0, and 600 ± 77.8 µs for cells 100, 150, and 235 µm away from the stimulating electrode edge, respectively.
C. Monopolar, Dual Monopolar, and Bipolar Stimulation
For experiments in which a cell was well coupled to a recording electrode in between and equidistant from adjacent 200 µm stimulating electrodes, the relative charge thresholds for monopolar, dual monopolar (i.e., adjacent electrodes driven equally and simultaneously), and bipolar stimulation were compared.
Monopolar stimulation required an average charge threshold of 13.3 ± 1.7 nC, compared with 29.4 ± 6.6 nC for dual monopolar stimulation, and 10.0 ± 3.4 nC for bipolar stimulation (p < 0.02 in comparing the statistical difference of all three data sets with each other; n = 5 cells for each condition). The fact that stimulating two adjacent electrodes simultaneously with the same polarity increased the charge threshold by approximately 212% was consistent with FEM of electrostatic interactions between electrodes. Fig. 6 shows simulation results from two 200-µm-diameter Pt electrodes stimulated in monopolar, dual monopolar, and bipolar configurations.
The relationship between the membrane voltage (V m ) and external uniform electric field (E) for a passive nonconducting spherical cell is V m = −(3/2)Er cos θ, where r is the cell radius and θ is the angle of the field with respect to the direction normal to the cell membrane [41] . A threshold voltage must be induced across the membrane to trigger voltage-gated ion channels, and hence, the local field vector is a critical parameter in excitation. The finite-element model predicts a "dead region" at the midpoint between stimulation sites for the dual monopolar configuration due to the field of one electrode perturbing the field of the other, which increases the threshold relative to monopolar stimulation in this location.
D. Frequency Dependence of Presynaptic and Direct Ganglion Cell Excitation
As the frequency of stimulation is increased, the response rate of all presynapitcally driven responses approaches zero (n = 6 cells) at 10 Hz ± 4.67 Hz, while direct ganglion cell stimulation persists up to 500 Hz (n = 3 cells; Fig. 7 ). Four hundred microseconds per phase pulses were delivered at pulse repetition rates ranging from 2.5 to 500 Hz. Both a CNQX/APV/PDA cocktail and the calcium channel blocker CdCl 2 (1 mM) were used in separate experiments to distinguish the frequency limits of excitation of ganglion cells and cells presynaptic to the ganglion cell layer.
E. Charge and Charge Density Thresholds Using 200-and 10-µm-Diameter Electrodes
Presynaptic excitation of the same ganglion cell (n = 5 cells) with both 200-and 10-µm-diameter electrodes with 400 µs pulses yielded threshold charge densities of 12 ± 6 nC/cm 2 (average cell-electrode edge distance of 87.5 µm) and 7.66 ± 1.30 mC/cm 2 (average cell-electrode edge distance of 68.8 µm), respectively. The average charge required, however, was 12.5 ± 6.2 nC for the 200-µm-diameter electrode and 19 ± 3.3 nC for the 10-µm-diameter electrode, suggesting that a threshold amount of charge, not charge density, must be injected into the extracellular space to elicit a presynaptically driven response.
IV. DISCUSSION
Both short (0.5-7 ms) and long (3-400 ms) latency spikes have been observed; the former due to the direct excitation of ganglion cells and the latter due to the excitation of inner retinal cells presynaptic to the RGC layer. These latencies are in good agreement with other studies [19] , [25] , [27] . Ganglion cells can exhibit both phasic (single spike output) and tonic (multiple spike output) behavior [42] , and while both types of responses were observed with regard to direct ganglion cell stimulation, unless stated otherwise, all the data presented are with regard to presynaptic excitation.
Reverberating activity lasting 100 ms has been reported in the stimulation of rabbit retina with conical shaped electrodes [25] and wire electrodes [43] , and with transcorneal stimulation in cat retina using concentric bipolar electrodes [44] . Using 200 µm stimulating electrodes, we observed similar activity lasting as long as 400 ms. Fried's study has suggested that this activity is due to the excitation of both bipolar cells, which release the excitatory transmitter glutamate and amacrine cells, which provide feedforward inhibition to ganglion cells and feedback inhibition to bipolar cells. The longer lasting reverberating response observed in this study may be due to the fact that much larger stimulating electrodes were used. These electrodes have an excitation field that permeates deeper into the retina than smaller, conical electrodes, engaging a larger area of the inner retina. It is interesting to note that reverberating activity can be observed without the excitation of ganglion cells directly (i.e., short latency response). This was also observed by Crapper and Noell using pulses of a similar duration (0.5 ms) [43] . This may be due to the fact that graded potential cells are reported as having longer chronaxies [30] . Greenberg used >1 ms pulses to target bipolar cells while Fried et al. used pulses <0.15 ms to target ganglion cells directly. Here, we are between the two sets of pulse durations in time. Studies in a retinal degenerate animal will be required to see if this reverberation is curtailed due to anatomical remodeling [4] and changes in the physiological response of cells [45] .
Our results agree with earlier investigations of threshold versus distance. Ziv et al. investigated the target cell location using threshold data from the stimulation of RGCs in rabbit to build a mathematical model of the excitation field around a conical-tipped electrode [46] . It was reported that threshold had a 1/r 0.84 -1/r 3.19 dependence on distance from the stimulation tip, in slight contrast with the strict 1/r 2 dependence predicted by Coulomb's law. We report a 1/r 1.69 dependence based on Fig. 7 . Number of presynaptic spikes elicited in a 50 pulse stimulus train versus pulse frequency using 400 µs cathodic first biphasic pulses (n = 6) (top). Representative histograms (left) and raw data (right) of suppression of presynaptically driven responses above 10 Hz for a single cell (middle). The raw data (right) depicts responses to successive pulses at pulse frequencies of (from bottom to top) 6.25, 8.33, and 12.5 Hz. The first pulse of the train is at the bottom of the graph. Recorded stimulus artifact with a direct ganglion cell response (solid line) at a stimulation frequency of 500 Hz, ascertained by the application of CdCl 2 , and recorded stimulus artifact without a ganglion cell response (dashed line; bottom). These two recording electrodes were equidistant from the stimulating site; the difference in the two shows a repeatable ganglion cell response even at 500 Hz (marked with an arrow). This direct ganglion cell excitation is above the frequency at which presynaptic excitation is suppressed.
threshold amplitude versus distance from the stimulating edge data (Fig. 4) using 200-µm-diameter Pt electrodes. This size electrode does not allow it to be treated as a point source; however, the relationship is in good agreement with the investigation using conical tipped electrodes. While comparisons of this relationship to Coulomb's law are relevant, it is important to keep in mind that, since the data represent presynaptic excitation, the field profile will be perturbed by the retinal tissue, which is anisotropic. Moreover, the data are not a direct measure of the field strength as described by Coulomb's law, but rather the electrical response of many retinal cells converging on the ganglion cell being recorded from. The strength duration data suggest a strategy for coding brightness. If amplitude will be used for the coding of brightness or gray-level in retinal implants, using shorter pulses may allow for a smaller region in the area of the electrode to be excited over a larger dynamic range. For example, for a 1 ms pulse, the threshold current required to stimulate a cell 150 µm away (27 µA) is 4.75 times greater than that required to stimulate a cell 100 µm away (6 µA). Comparatively, for a 200 µs pulse, the threshold current required stimulate a cell 150 µm away (136 µA) is 10.5 times greater than that required to stimulate a cell 100 µm away (13 µA). This trend is also reflected in the chronaxies of the strength duration curves at various distances from the stimulating electrode: cells proximal to the stimulating electrode have lower chronaxies than cells further away. Shorter pulses may more effectively decouple amplitude-dependent parameters from excitation area. The underlying assumption in this hypothesis is that increased brightness of phosphenes in retinal implant subjects is at least partially due to individual ganglion cells responding differently to threshold and suprathreshold stimulation, and not solely due to more cells being excited. There is good evidence for this in the work of Crapper and Noelle, who showed that the number of bursts (or total ganglion cell spikes) increased with injected current, while the frequency of spiking within bursts remained constant [43] .
A similar conclusion has been made in studies on peripheral nerve stimulation, where shorter pulses yielded improved selectivity between different fascicles in cat sciatic nerve [47] . In deep brain stimulation of the subthalamic nucleus in order to decrease contralateral wrist rigidity [required clinical effect (RCE)] in patients suffering from Parkinson's disease, it was found that shorter pulses most reliably result in the RCE without causing side effects (i.e., the stimulation of nearby fibres resulting in pain) compared with longer duration pulses [48] .
There was greater variability in stimulus threshold for sites farther away from the stimulating electrode. The standard deviation for the stimulation of cells 433 µm away is 2.6 times greater than that for cells 50 µm away. This is also shown clearly in the log-log plots of the strength duration data (Fig. 5) , where curves for cells 100 µm away are more closely correlated with each other than all cells greater than 100 µm away. Because the data presented in Fig. 5 involve the excitation of inner retinal cells, this variability may be due to the fact that a greater portion of the nonlinear retinal network is engaged at greater distances from the stimulating site, making the ganglion cell response more complex at these distances.
The difference in the suprathreshold PSTHs between monopolar and bipolar stimulation indicate that a ganglion cell's response is dependent on the stimulation source and sink. It is likely that, because multiple inner retinal cells converge on a single ganglion cell, the response of that ganglion cell is dependent on the different portions of this inner retinal network that are excited. As can be seen from the finite-element modeling results in Fig. 6 , whereas the electric field is highly divergent in the area of the stimulating electrode itself in monopolar stimulation, in bipolar stimulation having a return electrode, which is in close proximity to the stimulating electrode, it also creates a significant spatial gradient that will likely penetrate the inner retina. Therefore, while the same ganglion cell is stimulated in both cases, the envelope of the PSTH is different in both cases. This suggests that, even with same target ganglion cell, current source and sink (i.e., monpolar vs. bipolar stimulation) can affect the output spike train, and perhaps, the elicited percept.
Electric field interaction leads to an area of decreased excitability in between two simultaneously active electrodes. Electrode-electrode interactions have also been observed in cochlear implant (CI) patients. In psychophysical tests conducted on these patients, it was found that stimulus schemes that allowed for only interleaved pulsing between adjacent electrodes resulted in improved scores in the closed-set identification of consonants and the open-set recognition of words and sentences when compared with schemes incorporating simultaneous pulsing between adjacent electrodes [49] , [50] . These interactions then should be ignored when making assumptions about the overall field profile at the multielectrode array-retina interface. At the same time, the multielectrode array-retina spacing must be minimized in order to observe this effect. As can be seen in the finite-element results, at some distance, the zcomponents of these fields align such that no zone of inactivity should be observed. Vector summation in CI subjects in regions between electrodes has also been reported presumably due to an increased electrode-cochlea spacing compared with electroderetina spacing in this study [51] . Another retinal stimulation study employing multiple 10-µm-diameter electrodes with 60 µm center-to-center spacing has showed that each electrode can stimulate cells in the same manner (i.e., same targeted cell and response latency) whether all electrodes are driven individually or at the same time [27] . However, this case is very different from what has been studied here because of electrode size. The falloff of the excitation field into the tissue is dictated by electrode radius, and the large discs employed here will more readily engage a greater portion of the inner retina (e.g., bipolar and amacirne cells), whereas smaller 10 µm discs can more specifically target the ganglion cell layer. It is clear therefore that the effect of electrode-electrode interactions will be dependent on electrode size and pitch.
The retina relays visual information to higher cortical centers by varying spike timing. The maximum frequency at which certain classes of ganglion cells can generate spikes is approximately 260 Hz, and so it is important that cells can be electrically driven at this rate if we hope to truly mimic retinal function [52] . We have found that presynaptic excitation is suppressed at 10 ± 4.67 Hz, while ganglion cells can directly be excited up to 500 Hz. Our results for presynaptic excitation are in excellent agreement with the two other studies that investigated the frequency dependence of stimulation using conical electrodes (40 µm 2 ) and Pt electroplated microdiscs (6-25 µm diameter) [25] , [27] that also report the suppression of presynaptic excitation of RGCs at ∼10 Hz in both the rat and rabbit. We have, however, found an even higher maximum firing rate of RGCs compared with previous reports. The suppression of presynaptic excitation has been attributed to comparatively longer inhibitory input current from amacrine cells (≤100 ms) compared to the excitatory bipolar input. This value of 100 ms is in good agreement with a cutoff frequency of approximately 10 Hz. This result suggests that, although an epiretinal stimulating electrode can stimulate inner retinal cells giving rise to a longer latency response, there exists a wide frequency range in which RGCs are addressed without input from other cells. This would eliminate complex input due to the reported reverberating response.
Understanding the dependence of threshold charge and charge density on decreasing electrode size will be critical in designing higher resolution prostheses. A recent review has compiled the results of studies using different sized stimulating electrodes in retinal stimulation experiments in animals and in subjects [27] . While results in animals generally show that threshold charge decreases with electrode diameter, the threshold charge density increases. This suggests a complex relationship between thresholds and electrode size, possibly due to an inhomogeneous current distribution at the surface of the electrode that evolves during the time course of the stimulus pulse [53] , [54] . The trend for thresholds required for eliciting phosphenes in human subjects is less clear. A study on the perceptual thresholds in three subjects implanted with an epiretinal device showed there was no significant difference in charge thresholds between 250-and 500-µm-diameter electrodes [14] . We observe a similar dependence on absolute charge when stimulating the same RGC with 10-and 200-µm-diameter electrodes with similar edgeto-edge spacing between stimulating and recording electrodes. This relative ratio of electrode sizes used in this study is the largest reported thus far, and represents sizes that will be used in near-term epiretinal implants to those that might be used to address individual cells. Because comparative thresholds were obtained from stimulating the same target cell using the same preparation and the same array, the tissue-array spacing was effectively held constant. While stimulation with large electrodes was approximately 30 times below established electrochemical safe-charge injection limits of 0.35 mC/cm 2 [16] , stimulation with small electrodes was approximately 20 times greater than this limit.
This dependence on absolute charge is counterintuitive since it is the local voltage gradient that is induced across the cell membrane that stimulates the cell. This would suggest that electrode current density should be the determining factor. Because the data presented here represent presynaptic excitation one reason however for a dependence on absolute charge is the following. The excitation field of a large electrode extends further into the retinal tissue (to stimulate bipolar, amacrine, and other deeper cells) than a small electrode with the same charge density. This is because the spatial voltage gradient in the vicinity of the electrode is dependent on size [55] . Hence, larger electrodes will require a lower threshold charge density than smaller ones regarding presynaptic stimulation. Further array studies with a large range of electrode sizes fabricated on the same substrate will provide deeper insight into the dependence of stimulation on charge and charge density, and combined with visual psychophysical testing in implanted subjects, should help deduce which retinal elements are excited in the eliciting of phosphenes.
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